RNA elements within the flavivirus genome may play essential regulatory roles during virus replication. Here, recombinant West Nile virus (WNV) NS5 protein was used in combination with WNV subgenomic RNA templates to establish in vitro RNA-dependent RNA polymerase and RNA-binding assays. These assays identified mutations in the stem-loop A (SLA) region of the 59 untranslated region (59UTR) altering NS5 RNA synthesis and RNA-binding capability. These mutations were then introduced into the full-length WNV genome by reverse genetics. Further analysis of the mutant viruses showed that deletion of nt 46-60, which disrupted the stem and side loop of SLA, greatly compromised virus replication, whereas mutations that destroyed the top loop of SLA required for RNA synthesis in vitro did not significantly alter virus replication. These results suggest that SLA present in the 59UTR of WNV is essential for RNA synthesis in vitro and for virus replication.
West Nile virus (WNV) is maintained in nature in a mosquito-bird transmission cycle, with humans as incidental hosts. Since its introduction to the USA in 1999, WNV has raised public health concerns globally (Gould & Solomon, 2008) . WNV is classified in the genus Flavivirus of the family Flaviviridae together with other important human pathogens such as dengue virus (DV), yellow fever virus and Japanese encephalitis virus. WNV has a positivesense, single-stranded RNA genome of approximately 11 kb in length containing a single open reading frame flanked by highly structured 59 and 39 untranslated regions (UTRs) . The open reading frame encodes a polyprotein that is cleaved by viral and cellular proteases into three structural (C, prM/M and E) and seven non-structural (NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5) proteins. The WNV 59UTR comprises 96 nt and is highly conserved compared with those of other flaviviruses. It contains two stem-loops (SLA and SLB), which have distinct functions during viral RNA synthesis. SLA is approximately 70 nt in length, and similar structures are present in other flavivirus 59UTRs. SLB contains a 59 upstream AUG region (59UAR), which is complementary to a region present at the 39 end of the viral genome (39UAR). The 59-and 39UARs are required for DV (Alvarez et al., 2005b) and WNV (Zhang et al., 2008a) genome cyclization and replication. Functional analysis has revealed an absolute requirement of the 59SL for virus replication (Sirigulpanit et al., 2007) . In addition, two conserved sequences (CS1 and CS2) within the 39UTR and cyclization motifs within the 39 and 59 terminal regions (TRs) have been identified as essential for RNA-dependent RNA polymerase (RdRp) activity (Filomatori et al., 2006; You & Padmanabhan, 1999) and virus replication (Corver et al., 2003; Kofler et al., 2006; Lo et al., 2003; Men et al., 1996; Yu & Markoff, 2005; Yu et al., 2008) . NS5 functions as the viral RdRp (Ackermann & Padmanabhan, 2001; Guyatt et al., 2001; Tan et al., 1996) and a methyltransferase (Egloff et al., 2002; Ray et al., 2006; Zhou et al., 2007) . NS5 alone exhibits specificity for the viral RNA and is able to initiate de novo minus-strand RNA synthesis without other viral or host cofactors (Ackermann & Padmanabhan, 2001; Filomatori et al., 2006) . Recently, the DV SLA has been shown to be a promoter element recognized by NS5 (Filomatori et al., 2006) . NS5 of DV and WNV has been found to bind directly to SLA (Dong et al., 2008; Filomatori et al., 2006; Zhang et al., 2008b) . The mechanism by which these RNA structures participate in virus replication also remains unclear. The goal of this study was to characterize the interaction between the WNV NS5 and 59UTR and to define RNA elements within the 59UTR that are necessary for WNV replication.
Firstly, full-length NS5 (NS5F) and its RdRp domain (NS5pol, 274 Ser-905 Leu), both of which were fused to an N-terminal hexahistidine tag, were expressed in Escherichia coli and purified by affinity chromatography according to a standard protocol (Pierce). In vitro RdRp assays were then performed using recombinant proteins and different RNA templates. Three recombinant plasmids, WNV-UTR, DV-UTR and T-seq, which contained the 520 nt 59TR and 633 nt 39UTR of WNV, the entire 59-and 39UTRs of DV, and non-viral RNA, respectively, were constructed. The plasmids were used for in vitro transcription with SP6 RNA polymerase (Promega) to generate RNA templates and digoxigenin (DIG)-labelled RNAs. The latter were used to detect the newly synthesized RNA products by the recombinant NS5 proteins. The RdRp reactions were performed at 30 u C for 1.5 h in 50 mM Tris/HCl (pH 8.0), 50 mM NaCl and 5 mM MgCl 2 with template RNA (10 mg), 500 mM rNTPs and 1.5 mg purified NS5pol or NS5F. RNA products were analysed by formaldehyde/ agarose gel electrophoresis and visualized by Northern blotting using the above-mentioned DIG-labelled RNAs. The results indicated that only WNV subgenomic RNA was an active template for RNA synthesis (Fig. 1a) . Products of the same size (16; de novo initiation) and twice the size of the template RNA (26) (39-end elongation) were both synthesized (Ackermann & Padmanabhan, 2001 ) by NS5F and NS5pol (Fig. 1a , lanes 4 and 5). To investigate the RNA-binding ability of NS5, an electrophoretic mobility shift assay (EMSA) using DIG-labelled WNV RNA (DIG-WN) and purified NS5pol or NS5F was performed in 5 mM HEPES, 25 mM KCl, 2 mM MgCl 2 , 5 % glycerol and 200 mg heparin ml 21 with 0.1 nM DIG-labelled probe and increasing concentrations of protein. RNA-NS5 complexes were analysed by native 5 % PAGE and visualized using a DIG Northern Star kit (Roche). The results showed that RNA-protein complexes were formed only when the purified NS5pol or NS5F was incubated with DIG-WN (Fig. 1b , lanes 2 and 3), and increasing amounts of proteins increased the binding of NS5 to RNA (Fig. 1b, (12) (13) (14) . EMSA results using denatured DIG-WN (D-D-WN) showed that D-D-WN failed to bind to NS5pol and NS5F (Fig. 1b, lanes 5 and 6) . Together, these results demonstrated that NS5pol and NS5F exhibit a high template specificity for RNA synthesis in vitro and possess a specific RNA-binding ability dependent on the secondary structure of the RNA template.
To determine further the role of RNA elements within the 59UTR during WNV RNA synthesis, a set of deletions and mutations in the SLA element (59TR, nt 1-391) was prepared by overlap PCR and confirmed by sequencing (Fig. 2a) GATT of M4, named M4R), were generated to investigate the role of these structures and sequences in viral RNA synthesis. The most stable mutant RNA secondary structures were predicted by Mfold (Fig. 2a) . Considering the importance of interactions between the 59-and 39UTRs in RNA synthesis, the above-mentioned deletions and mutations were introduced into the WNV-UTR RNA template containing both the 59TR and full-length 39UTR, resulting 
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RdRp assays were performed using the mutant RNAs as templates to test the effects of the mutations on NS5 RdRp activity. The results showed that the deletion in D15 and the mutations in M1 almost abolished 16 and 26 RNA synthesis (Fig. 2b, left panels) . Similar results were also observed with D15-UTR and M1-UTR (Fig. 2c, left panels) . The data suggested that the nucleotides including 45-60 (D15 and D15-UTR), 28 C, 37 G 38 T and 43 G (M1 and M1-UTR) are required for RNA synthesis, regardless of the presence or absence of the 39UTR. Notably, although no RNA was produced using M4 as template, M4R was an efficient template for RNA synthesis (Fig. 2b, left panels) . These data indicated that destruction of the lower stem at the bottom of SLA completely blocked RNA synthesis, whilst reconstruction of the lower stem could restore the RdRp activity of NS5. Furthermore, both M4-UTR and M4R-UTR containing the 39UTR were inactive templates for RNA synthesis (Fig. 2c, left panels) , indicating that the lower stem at the bottom of SLA maintained by 8 C 9 G and 69 C 70 G might interact with the 39UTR and play a critical role in RNA synthesis.
EMSA was then performed using the mutant RNAs to investigate whether the mutations altered the binding of NS5 to RNA. The results using templates lacking the 39UTR showed that the RNA-protein complex was formed with all templates except those containing the mutations D15, M1 and M4 (Fig. 2b, right panels) . This implied that the side loop (D15), the distance between the side loop and top loop (M1), and the lower stem at the bottom of SLA (M4 and M4R) might be essential for binding of NS5 to the 59UTR. However, binding of NS5 to all mutant RNAs containing the complete 59-and 39UTRs was detectable except for M4R-UTR (Fig. 2c, right panels) . This observation revealed that the interaction in cis of the 39UTR with the 59UTR facilitates the binding of NS5 to the 59UTR. In addition, NS5 could form a complex with M4R, which lacks the 39UTR (Fig. 2b, right panels) , but not with M4R-UTR, which contains the 39UTR (Fig. 2c, right panels) , suggesting that the lower stem at the bottom of SLA might be disrupted by the interaction of the 39UTR with the 59UTR. This may explain the defect in RNA synthesis of NS5 using the M4R-UTR template (Fig. 2c, right panels) . Collectively, these data demonstrated that To define further the RNA elements of SLA required for virus replication, the same mutations were introduced into a full-length cDNA clone of WNV (Li et al., 2005) , resulting in the recovery of five mutant viruses, named Full-D15, Full-D21, Full-M1, Full-M4 and Full-M4R. Immunofluorescence assays were performed using rabbit WNV-specific antisera at 72 h post-transfection, and the results showed that WNV proteins of Full-D15 and Full-M4 were clearly decreased in amount compared with the other recovered viruses (Fig. 3a) . Comparison of the plaque properties of the mutant viruses on Vero cells showed that the plaques derived from the Full-M1 and Full-D21 mutant viruses were similar to those from the recovered WNV; however, plaques from the Full-D15 and Full-M4 viruses were much fainter and smaller than those from the other mutant viruses (Fig. 3b) . These data suggested that the 59TR nucleotides including 8 C 9 G, 45-60 and 69 C 70 G within SLA and the lower stem structure at the bottom of SLA are required for virus replication, whereas the upper stem containing 28 C, 37 GT 38 and 43 G between the top loop and side loop tolerates variation. The growth curves of the Full-D21, Full-M1 and Full-M4R viruses were indistinguishable from that of the recovered WNV (Full-WNV), whilst growth of the Full-D15 and Full-M4 viruses was reduced by .4 orders of magnitude (Fig. 3c) . These results further confirmed the functional role of these RNA elements in SLA in virus replication. Sequence analysis of the UTRs of replicating viruses showed that the recovered viruses retained the introduced mutations and no other mutations were introduced, suggesting that the replication phenotype of these mutant RNAs was indeed due to the mutations introduced.
In this study, RNA elements within SLA of the 59UTR that are required for NS5 RdRp activity and WNV replication were identified. First, the 59TR nucleotides including 8 C 9 G, 28 C, 37 G 38 T, 43 G, 45-60 and C 6970 G within SLA were found to be critical for NS5 RdRp activity and binding to SLA. A recent study using an RNA footprinting assay showed that nt 5-16, 46-51 and 70-72 were protected by NS5 (Dong et al., 2008) , which is in agreement with our results. In addition, our data demonstrated that 28 C, 37 G 38 T and 43 G present in the upper stem between the top loop and side loop are essential for NS5 RdRp activity in vitro but not for virus replication, indicating that these nucleotides may be the binding sites for other virusspecific and/or cell-specific factors required for virus replication. Secondly, our results showed that eliminating the side loop of WNV SLA (deletion of nt 46-60) severely decreased both RNA synthesis in vitro and virus replication. Previously, Filomatori et al. (2006) also showed that deletion of the side loop compromised DV SLA promoter activity and abolished virus replication. In addition, the lower stem structure at the bottom of WNV SLA was found to be necessary for virus replication (Dong et al., 2008; Lodeiro et al., 2009) . Similarly, the base pairing at the bottom of DV SLA is required for virus replication, regardless of the nucleotide sequence at these positions (Filomatori et al., 2006) . These findings suggest that the side loop and bottom of the flavivirus SLA are likely to be essential for virus replication. In summary, we have presented new information about the structure-function relationship of SLA of WNV and have reported specific RNA elements of the 59UTR that can be modified to generate attenuated viruses.
Critical RNA elements within WNV 59UTR Chin-01 virus (X). Viral progeny was harvested at the specified time intervals and titres were determined on Vero cells. WNV recovered from the infectious clone (Full-WNV) was used as a control for comparison.
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